Many solid tumors, including breast cancers, exhibit elevated mitogen-activated protein kinase (MAPK) expression and/or activities (13, 40) , presumably due to increased expression of growth factor receptors that couple to MAPK activation. Overexpression of type I tyrosine kinase growth factor receptors in the epidermal growth factor (EGF) receptor/cErbB family is believed to contribute to proliferative signaling in breast cancer and to be indicative of a poor prognosis. Analogous to other members of the steroid receptor superfamily, human estrogen receptors (ER) and progesterone receptors (PR) are highly phosphorylated and therefore sensitive to growth factor-initiated signaling pathways. Indeed, the same phosphorylation sites on ER and/or PR can be regulated in response to steroid hormone or growth factor treatment of cells (reviewed in references 18 and 49) . Although the role of direct phosphorylation of steroid hormone receptors and the exact kinase-signaling pathways involved remain largely undefined, phosphorylation is influenced by ligand binding and may affect both ligand-dependent and -independent receptor functions and/or interactions with coregulatory molecules (reviewed in references 44 and 47) .
A variety of agents, including EGF, can activate unliganded ER (5) . Furthermore, ligand-dependent ER transcriptional activity is enhanced by activated Ras and/or growth factors like EGF (1), insulin-like growth factor (16) , and mitogen-activated protein (also known as extracellular signal-regulated protein kinase) kinase kinase kinase 1 (MEKK1) (23) that feed into activation of MAPK pathways. In contrast, activation of human PR appears to be entirely ligand dependent, although examples of ligand-independent activity have been reported (3) . Additionally, growth factors greatly influence PR signaling in the presence of progestins (4, 11, 19, 20, 32, 38) . Activation of cyclic AMP-dependent protein kinase by 8-Br-cyclic AMP produces synergy with PR agonists on progesterone response element (PRE)-regulated promoters and converts the PR antagonists, RU486 and ZK112993, to transcriptional agonists (37, 38) . Transcriptional synergy between progestins and EGF occurs at several promoters, including those regulating the mouse mammary tumor virus (12) , p21 WAF1 , and c-fos genes (32) . EGF and progestins up-regulate cyclin D1, cyclin E, and p21 WAF1 protein levels (11) in a MAPK-dependent manner in T47D human breast cancer cells (20) .
Several endogenously regulated phosphorylation sites on human PR have been well characterized (reviewed in references 44 and 47) . For example, Ser400 is both basally phosphorylated and regulated by ligand in vivo; Ser400 phosphorylation is mediated by cyclin-dependent protein kinase 2 in vitro (50) . Two MAPK phosphorylation sites, Ser294 and Ser345, are predominantly phosphorylated after treatment of cells with progestins (51) . These residues reside within an inhibitory functional domain of the PR N terminus (14) ; the contribution of either of these sites to repression is unknown. However, we recently found that Ser294 plays an essential role in PR protein turnover (21) . In the presence of ligand, Ser294 phosphorylation by MAPK leads to rapid PR degradation by the ubiquitin-proteasome pathway (21) . Inhibition of the 26S proteasome by lactacystin, inhibition of MAPKs by MEK inhibitors, or mutation of Ser294 to alanine stabilized PR in the presence of ligand and prevented the formation of ubiquitinylated PR species. ER are also substrates for the ubiquitinproteasome pathway, although the role of phosphorylation in this process, if any, remains undefined (29) . Lonard et al. (24) recently found that stabilization of ER␣ by 26S proteasome inhibitors blocks ER transcriptional activity. Mutational analysis of ER demonstrated that protein interactions with ER␣ coactivator-binding surfaces are also important for ligand-dependent receptor down-regulation, suggesting that turnover of ER and its coactivators may be functionally coupled to ER transcriptional activity. These interactions are likely to be affected by phosphorylation (21; for a review, see reference 49).
Herein, we examine the relationship between ligand-induced PR turnover and transcriptional activity in response to activation of MAPKs by expression of constitutively active MEKK1. We show that MEKK1 both enhances PR transcriptional activation by progestins and augments ligand-dependent PR down-regulation. Stabilization of PR by ubiquitin pathway inhibitors, MEK inhibitors, or mutation of Ser294 blocks MEKK1-induced transcriptional hyperactivation. Thus, phosphorylation of Ser294 by MAPK may induce maximal transcription in the presence of progesterone by coupling this activity to efficient PR turnover.
MATERIALS AND METHODS
Cell lines and reagents. Monoclonal T47D-YB human breast cancer cells engineered to stably express PR-B were previously described (37) . Monoclonal T47D-YB-S294A cells (S294A) containing mutant PR-B with serine 294 replaced by alanine were engineered by stable transfection of mutant S294A PR-B into PR-negative T47D-Y cells as previously described (21) . T47D-YB and S294A cells were routinely seeded at 10 6 cells/dish, cultured in 10-cm dishes, and incubated in 5% CO 2 at 37°C in a humidified environment as described (37) . Stably transfected cells were also maintained in 700-g/ml neomycin analog G418 (Life Technologies, Gaithersburg, Md.). HeLa cells were seeded at 350,000 cells/dish. For experiments involving steroid hormone (R5020; 10 nM) or EGF (30 ng/ml) treatments or MAPK assays, cultures were placed in serum-free media for 18 to 24 h prior to addition of growth factor. Phospho-specific and total p42 and p44 MAPK antibodies, phospho-specifc p38 MAPK antibodies, phospho-specific Jun N-terminal kinase (JNK) antibodies, and the MEK1 inhibitor (PD98059) were purchased from New England Biolabs (Beverly, Mass.). The p38 MAPK inhibitor (SB203580) and the MEK1-MEK2 inhibitor (U0126) were purchased from Upstate Biotechnology (Lake Placid, N.Y.). Horseradish peroxidase-conjugated secondary antibodies were obtained from Collaborative Biomedical Products, Inc. (Bedford, Mass.). R5020 was obtained from NEN Life Sciences Products, Inc. (Boston, Mass.). Lactacystin and calpain inhibitor I (N-acetyl-Leu-Leu-norleucinal [LLnL]) were purchased from Calbiochem (La Jolla, Calif.). The anti-PR monoclonal antibodies, AB-52 and B-30, were produced in the K. B. Horwitz laboratory (9) . c-Myc antibodies were a kind gift of S. R. Hann (42) . Phospho-294-specific PR antibodies were a gift of D. P. Edwards (6) .
Immunoblotting. Transient transfections and luciferase assays. T47D-YB or S294A cells plated at 500,000 cells/10-cm dish or HeLa cells plated at 350,000 cells/10-cm dish were transiently transfected with 1 g of pCMV5 control vector or MEKK1 (in pCMV5) or with 25 ng of pSG5 control vector or PR-B (in pSG5), 3 g of PRE 2ϫ TATA in the luciferase reporter plasmid pA3-LUC, 3 g of the ␤-galactosidase expression plasmid pCH110 (Amersham Pharmacia Biotech) to check transfection efficiency, and Bluescript plasmid (Stratagene, La Jolla, Calif.) as a DNA carrier, for a total of 20 g of DNA with calcium phosphate precipitation as described previously (38) . For T47D-YB and S294A cells, medium was aspirated 3 h after transfection, and the cells were shocked with 2 ml of phosphatebuffered saline containing 20% glycerol. Cells were washed twice with serum-free medium to remove the glycerol, and 10 ml of minimal essential medium containing 5% charcoal-stripped fetal bovine serum was added for 18 h. Triplicate cultures of cells were then treated with 10 nM R5020 or ethyl alcohol (EtOH) vehicle for 24 h prior to harvesting in lysis solution (Analytical Luminescence Laboratories, Ann Arbor, Mich.), and 100 l of lysate was analyzed for luciferase activity with the Enhanced Luciferase Assay kit and a Monolight 2010 Luminometer (Analytical Luminescence Laboratories), as described by the manufacturer. Transfected HeLa cells were not glycerol shocked but were washed 18 h after transfection and then treated with hormone as described above.
RESULTS
Hormone-dependent down-regulation of endogenous PR-B in T47D-YB cells. We previously demonstrated a role for p42 and p44 MAPKs in targeting PR to the ubiquitin-proteasome pathway via phosphorylation of Ser294 (21) . T47D human breast cancer cells containing mutant PR in which Ser294 is replaced by alanine (S294A) fail to undergo ubiquitin-dependent down-regulation in the presence of ligand (21) . In contrast, wild-type PR-B, stably expressed in T47D breast cancer cells (T47D-YB) (37), were extensively down-regulated within 6 to 8 h of exposure to progestins and degraded with an apparent half-life of approximately 4 h (Fig. 1) . This is comparable to the half-life of 6 h for endogenous PR in progestintreated cells labeled with 2 H, 13 C, and 15 N dense amino acids (28) and indicates that the predominant mechanism for liganddependent down-regulation involves loss of receptor protein, rather than its diminished transcription.
MAPK hyperactivates PR in the presence of progestins. Advanced breast cancer cells often overexpress persistently activated MAPKs (13, 40) , and ligand-induced PR down-regulation by the 26S proteasome is MAPK dependent (21) . To study PR signaling under conditions of persistent MAPK acti-vation, the constitutively active C-terminal kinase domain of MEKK1 (22) was overexpressed in T47D-YB cells together with a PRE-driven luciferase reporter construct. MEKK1 is a strong activator of p42 and p44 MAPKs in these cells ( Fig. 2A,  inset) . Transient expression of MEKK1 resulted in increased PR transcriptional activity in the presence of R5020 ( Fig. 2A) . Typically, MEKK1 expression resulted in a five-to eightfold increase in ligand-dependent PR transcriptional activity compared to that in vector controls; MEKK1 also induced a slight increase in basal transcriptional activity in T47D-YB cells. Progestin treatment did not further increase the ability of MEKK1 to activate MAPK ( Fig. 2A, inset ). MEKK1 also increased the transcriptional activity of PR-A in the presence of progestins, but to a much lesser extent than PR-B (not shown).
MEKK1-induced hyperactivation of PR-dependent transcription in HeLa cells was also tested. Like T47D-YB cells, MEKK1 expression in HeLa cells resulted in robust activation of p42 and p44 MAPKs (Fig. 2B, inset ). Basal levels of p38 MAPK activity were also further increased by MEKK1 expression, while JNKs were weakly activated in the same whole-cell lysates (Fig. 2B, inset) . Following their transient transfection with the appropriate control vectors or PR-B and without or with MEKK1, along with the PRE-luciferase reporter, MEKK1 again resulted in greatly increased transcription induced by R5020. The MEKK-induced increase in transcription was both PR-B and ligand dependent and required the presence of a PRE. Reporter constructs lacking a PRE or containing an estrogen reponse element were not induced above basal control levels (not shown). Thus, the remarkable increase in PR-dependent transcription observed when MAPK signaling is activated is independent of cell type. In contrast to activity in T47D-YB cells ( Fig. 2A ), MEKK1 induced a significant increase in basal transcriptional activity in HeLa cells; this was independent of the presence of PR-B or ligand and may reflect increased sensitivity of the basal transcriptional machinery in these cells (Fig. 2B ). Activated MAPKs likely exert important effects on the activity of components within the basal transcription machinery independently of specific transcription factors, making it necessary to separate the effects of MEKK1 into basal versus PR-specific events. PR-B-dependent changes in transcriptional activity in HeLa cells were therefore determined by subtracting the MEKK-induced changes in background activity in cells lacking PR-B (Fig. 2B, left ) from the total activity (Fig. 2B, right) . The resultant PR-B-dependent transcription is shown in Fig. 2C . This correction demonstrates that MEKK1-induced effects on PR-B-specific transcriptional activity are very similar in HeLa (Fig. 2C ) and T47D cells ( Fig.  2A) .
The PR antagonists, RU486 and ZK98299, blocked the R5020-induced transcriptional activity of PR-B in HeLa cells, in both the presence and absence of MEKK1, returning it to basal levels ( Fig. 3 ). That PR antagonists had no effect on MEKK1-induced basal transcription demonstrates a separation of the effects of MEKK1 into PR-dependent and -independent components. Thus, MEKK1 appears to affect both basal transcriptional activity and PR-specific activity ( Fig. 2  and 3 ). Herein, we have focused on alterations in ligand-dependent PR function in cells containing elevated MAPK activities.
Because MEKK1 is a strong activator of p42 and p44 MAPKs ( Fig. 2A and 2B, insets) and ligand-dependent PR down-regulation is MAPK dependent (21), we asked whether MEKK1 overexpression influences this process (Fig. 4A ). HeLa cells were cotransfected with PR-B and either control vector or MEKK1 and then treated with vehicle or R5020 for 24 h. PR protein levels were measured by Western immunoblotting of whole-cell lysates from duplicate cultures (Fig. 4A ). R5020 induced a characteristic upshift in PR-B mobility in both control and MEKK1-expressing cells, associated with phosphorylation of PR at multiple serine residues (44, 45, 47) However, in contrast to T47D-YB cells ( Fig. 1) , PR-B in HeLa cells were not significantly down-regulated by R5020. This confirms our previous observation that transiently overexpressed PR-B are generally more resistant to ligand-dependent downregulation than are endogenous PR-B (21) . We speculated that the high PR levels, typical of transient systems, exceed the capacity of the 26S proteasome to degrade them (21) . Surprisingly, however, MEKK1 promoted nearly complete PR-B down-regulation under the same conditions (Fig. 4A ). This suggests that kinase activation or availability, rather than proteasome saturation, is likely to be the limiting factor when receptor levels are excessive and confirms the critical role of MAPK in this process.
Ser294 of human PR is rapidly hyperphosphorylated in response to ligand (51) , and this event triggers ligand-dependent PR down-regulation (21) . Our data (Fig. 4A) suggest that perhaps chronic activation of MAPKs in response to growth factors (analogous to expression of constitutively active MEKK1) augments ligand-dependent PR down-regulation via phosphorylation of Ser294 (Fig. 4A) . To directly monitor the phosphorylation status of Ser294, we utilized recently described monoclonal antibodies that recognize only the phosphorylated Ser294 residue but fail to recognize PR that are unphosphorylated at this site (6) . Treatment of T47D-YB cells with EGF, a well-characterized activator of p42 and p44 MAPKs, resulted in robust phosphorylation of Ser294 in 5 min (Fig. 4B ) and 1 h (not shown). R5020 treatment for 1 h, as a positive control, resulted in slight but detectable phosphorylation of full-length PR at Ser294. Interestingly, a lower-molecular-weight form of PR-B containing the phospho-Ser294 residue was the predominant peptide. We were also unable to detect phospho-Ser294 PR of any size at earlier time points (not shown). These data suggest that the phospho-S294 species is a very transient intermediate, which is rapidly down-regulated in the presence of ligand (discussed below). Fragments of phosphorylated PR-B were undetectable with PR monoclonal antibodies directed against N-terminal receptor epitopes (9) , suggesting that proteolysis of the PR N terminus is an early event following ligand binding. In HeLa cells, activation of MAPKs by MEKK1 also resulted in the phosphorylation of PR-B at Ser294 (Fig. 4B ). This was blocked by the MEK1-MEK2 inhibitor, U0126, indicating a requirement for p42 and p44 MAPKs. Total PR-B remained constant in the presence of control vector, MEKK1, and MEKK1 plus U0126.
To determine whether phospho-294 intermediates could be trapped in cells simultaneously expressing MEKK1 and being treated with R5020, HeLa cells were transfected with PR-B and either control vector or MEKK1 and treated with or without R5020 (Fig. 4C ). Whole-cell lysates were blotted with phospho-294-specific or total PR monoclonal antibodies. Under control conditions (Fig. 4C, lane 1) , no phosphorylated PR were detectable, and only weak Ser294 phosphorylation was observed following R5020 treatment alone (lane 2, bottom), consistent with little or no PR down-regulation. In contrast to T47D-YB cells, lower-molecular-weight forms of phospho-294 containing PR were not apparent in lysates from HeLa cells treated with R5020 alone, presumably due to retarded PR down-regulation in these cells (reference 21 and Fig. 4A ). However, MEKK1 alone led to robust phosphorylation of Ser294 (Fig. 4C, lane 3) . Addition of R5020 under these con- . These data suggest that phosphorylation of S294 is necessary but not sufficient for receptor down-regulation and that ligand occupancy of the PR C terminus is also absolutely required. Both PR-B phosphorylation at Ser294 and PR downregulation by R5020 plus MEKK1 were blocked by inhibition of p42 and p44 MAPKs using the MEK inhibitor, U0126, demonstrating a requirement for MAPK in this process (lane 5). Thus, MAPK activation augments ligand-dependent PR down-regulation via phosphorylation of Ser294 (Fig. 4) . Stabilization of PR blocks PR hyperactivation. We noted that transcription of the luciferase reporter is paradoxically highest (Fig. 2B) when PR protein levels are down-regulated ( Fig. 4A and C) . This prompted us to more closely examine the role of PR turnover in PR-dependent transcriptional activity. We showed previously that ligand-dependent PR down-regulation is blocked by inhibition of p42 and p44 MAPKs with MEK inhibitors and/or by selective inhibition of the 26S proteasome (21) . We therefore tested PR transcriptional activity under conditions in which PR are stabilized using the same pharmacological approaches (Fig. 5 and 6 ). HeLa cells were transfected with PR-B and either control vector or MEKK1 and treated with or without R5020 in the presence or absence of the MEK1 inhibitor, PD98059 (PD). The transcriptional hyperactivation induced by MEKK1 plus R5020 was completely blocked by inhibition of p42 and p44 MAPKs (Fig. 5A) . A selective inhibitor of p38 MAPK, SB203580, also blocked progestin-stimulated PR transactivation in MEKK1 expressing cells, indicating that MEKK1 effects are mediated in part by activation of p38 MAPK. MAPK assays indicated that the inhibitors were selective for their respective kinase activities and that no cross-reactivity was observed (Fig. 5A) . Interestingly, MEKK1-induced basal PR transcriptional activity was not significantly inhibited by either agent. In contrast to U0126 (Fig. 4B and C) , the SB203580 compound did not appreciably block phosphorylation of Ser294 by MEKK1 (Fig. 5B) , indicating that p38 MAPK must function to augment PR transcription largely independently of Ser294 phosphorylation. SB203580 does not block ligand-dependent PR down-regulation, as do PD98059 (21) and U0126 (Fig. 4C) .
Inhibitors of the 26S proteasome also block ligand-dependent down-regulation of PR (21) . We therefore also tested the effects of lactacystin and LLnL on R5020-plus-MEKK1-dependent PR transcriptional hyperactivation (Fig. 6A) . Both agents blocked the MEKK1-dependent component of PR transcriptional activity. Importantly, however, the PR transcriptional activity induced by R5020 alone was unaffected by either inhibitor. This suggests that the transcriptional hyperactivation observed in the presence of MEKK1 plus R5020 requires coordinated PR down-regulation involving the 26S proteasome. Importantly, inhibition of the 26S proteasome by either lactacystin or LLnL did not effect the ability of MEKK1 to activate either p42-p44 or p38 MAPKs (Fig. 6B) .
To study the role of Ser294 phosphorylation in this process, we compared the ability of MEKK1 plus R5020 to hyperactivate transcription of stably expressed wild-type and S294A mutant PR-B in T47D cells (Fig. 7) . The PRE-driven luciferase construct was coexpressed with control vector or MEKK1, and cells were treated with or without R5020 for 24 h. Cells containing wild-type PR-B are highly responsive to R5020-induced transcriptional activation of the PRE-luciferase reporter gene ( Fig. 7A and 2A) , and expression of MEKK1 induced PR hyperactivation. In contrast, cells expressing mutant S294A PR-B were less responsive to R5020 alone and unresponsive to MEKK1-induced hyperactivation (Fig. 7A) . Thus, mutant S294A PR-B are functional in the presence of R5020 alone but do not synergize with active MEKK1. To insure that variations in wild-type versus mutant PR-B protein expression levels were not responsible for these differences, Western immunoblot analysis was performed with whole-cell lysates (Fig. 7B) . In the absence of ligand, PR protein levels were similar in both cell lines; S294A cells expressed slightly more PR-B than wild-type cells. Progestin treatment for 24 h resulted in nearly complete ligand-dependent down-regulation of wild-type PR-B, while mutant S294A PR-B underwent the characteristic ligand-induced gel mobility upshift due to multisite phosphorylation but remained entirely stable in the presence of R5020.
PR serine 294 is a MAPK consensus site. Mutation of this site to alanine or treatment of cells with the MEK inhibitor, PD98059, both stabilizes PR (21) and blocks MEKK1-plus-R5020-induced transcriptional synergy (Fig. 5) . To insure that the MAPK pathway is intact in T47D-YB cells expressing mutant S294A PR-B, cells were treated with EGF for 5 min in order to fully activate p42 and p44 MAPKs. Western blot analysis indicated that MAPKs in S294A cells are equally well activated by EGF and contain total MAPK levels similar to those in wild-type cells (Fig. 7C) .
c-myc expression in T47D-YB cells expressing wild-type and mutant PR-B. Since MAPK activation by MEKK1 greatly increases R5020-and PR-dependent transcription of a synthetic promoter-reporter (Fig. 2) , we asked whether an endogenous protein can be similarly regulated. c-myc mRNA and protein levels are known to be up-regulated by progestins in human   FIG. 3 . PR antagonists block MEKK1-and R5020-induced transcription. Triplicate cultures of HeLa cells were transiently transfected with a PRE-luciferase reporter construct and human PR-B and either pCMV5 control vector (black bars) or MEKK1 (gray bars). Cells were placed in serum-free medium for 18 h and then treated without or with R5020 (10 nM), RU486 (100 nM), ZK98299 (100 nM), or R5020 plus each antagonist for 24 h. Luciferase activity in cell lysates was determined as described (see Materials and Methods).
breast cancer cells (27) and the c-myc gene promoter contains a putative consensus PRE sequence (26) . We therefore examined the effects of EGF and R5020 on c-myc and PR protein expression in T47D cells stably expressing either wild-type PR-B or the S294A mutant (Fig. 8A) . c-myc protein Western immunoblot analysis was performed with whole-cell lysates from cells treated with vehicle control, EGF, R5020, or both EGF and R5020 for 12 h to allow protein accumulation (Fig. 8A) . EGF alone had no effect on c-myc protein levels in either cell line, while R5020 up-regulated c-myc protein in both cell lines (27) . Simultaneous treatment of T47D-YB cells containing wild-type PR-B with both R5020 and EGF synergistically increased c-myc protein levels. However, this effect was markedly attenuated in cells expressing mutant S294A PR-B (Fig. 8A) .
Changes in PR protein levels were monitored under the same conditions in each cell line following 6 h of treatment (Fig. 8B) , just prior to the nadir of PR-B down-regulation in the presence of ligand (Fig. 1) . Interestingly, EGF treatment increased PR levels in both cell lines; this was most apparent in cells expressing stabilized mutant S294A PR (Fig. 8B) . As expected, R5020 treatment down-regulated wild-type PR-B to trace levels but had no effect on mutant PR-B. EGF treatment augmented down-regulation of wild-type PR in the presence of progestin but had no effect on mutant PR. Wild-type PR-B was undetectable in cells treated with R5020 plus EGF, while mutant PR-B levels remained essentially unchanged. Similar results were observed following 12-h treatments (not shown).
Taken together, our data suggest that, paradoxically, PR that are capable of ligand-dependent down-regulation function as more efficient transcriptional activators. We propose that, in the case of PR, steroid hormone receptor turnover is functionally coupled to transcriptional hyperactivation during cross talk with growth factor-initiated signaling pathways.
DISCUSSION
At least 10 serine residues on human PR are known to be phosphorylated in vivo, either basally or as a result of hormonal stimuli and/or following protein kinase activation (18, 31, 50 ; for a review, see references 44 and 47) . The significance of phosphorylation of these sites with regard to PR function remains largely undefined. Phosphorylation of human steroid hormone receptors is generally believed to positively or negatively modify their transcriptional activity rather than act as an on-off switch. Phosphorylation-dephosphorylation events may instead predominantly serve to fine-tune aspects of receptor regulation, perhaps by regulating the integration of signals from other pathways or subcellular localization, or trafficking of receptor complexes or by degradation of receptor proteins (reviewed in references 44 and 47). However, the traditional view that phosphorylation of human steroid hormone receptors, including PR, is largely a means of accomplishing relatively subtle alterations in receptor regulation is changing, as novel phosphorylation sites continue to be identified and characterized (18) . Similar to human PR, ER are also heavily phosphorylated. However, in contrast to PR, phosphorylation of ER-␣ is a well-known mechanism for the modulation of its transcriptional activity. Phosphorylation of Ser118, located in AF1 (activation of function 1), is mediated in vitro by MAPK and in vivo in cells treated with growth factors and enhances the transcriptional activity of ER elicited by either estrogen or tamoxifen (16) . Lee et al. (23) recently reported that MEKK1 increased the agonist activity of ER-␣ induced by either estradiol or 4-hydroxytamoxifen in endometrial and ovarian cancer cells. Interestingly, this effect was mediated through activation of JNK and p38 MAPK, but not p42 and/or p44 MAPKs. Although independent of known phosphorylation sites on ER-␣, p38 MAPK efficiently phosphorylated the receptor in immunocomplex kinase assays in vitro (23) . Thus, in the presence of estrogen, ER appear to undergo a state of hyperactivation, following growth-factor stimulation of MAPK pathways. Our results suggest that this regulatory paradigm also holds true for PR signaling. In addition to p42 and/or p44 MAPKs, p38 MAPK appears to play a role in PR hyperactivation (Fig. 5A) . However, p38 MAPK mediates this effect independently of Ser294 phosphorylation (Fig. 5B) and liganddependent PR degradation (21); p38 MAPK may contribute to PR transcriptional activation by phosphorylation of other asyet-undefined regulatory sites on human PR or its coregulators. This is an important topic for further studies.
We have uncovered a novel link between transcriptional hyperactivation following stimulation of MAPKs and liganddependent PR down-regulation; both events are mediated by phosphorylation of Ser294. We propose that Ser294 serves to integrate signals from growth factor-initiated pathways with progesterone in order to amplify PR transcriptional activity. The surprising finding that stabilized PR are incapable of such cross talk suggests that hyperactivation is functionally coupled to ligand-dependent PR down-regulation. How might this happen?
Studies of very short-lived transcription factor oncoproteins provide some mechanistic clues. For example, c-myc protein is a substrate for the ubiquitin-proteasome pathway, and transforming mutations stabilize this protein (35) . Interestingly, sequences required for c-myc protein destruction by the 26S proteasome map to its transcriptional activation domain (35) . Further studies by Salghetti et al. (36) noted a similar overlap between the activation domains and destruction elements or "degrons" of several unstable transcription factors, including E2F-1, fos, jun, and p53. A close correlation exists between the ability of an acidic activation domain to both activate transcription and signal proteolysis. Destruction elements derived from the yeast cyclins Cln2 and Cln3 activated transcription when fused to a DNA-binding domain (36) . Phosphorylation is a prerequisite for degron function of Cln2 (41) and likely for Cln3 (48) . Salghetti et al. (36) speculate that the negative charge provided by phosphorylation of these degrons mimics the environment provided by an acidic activation function. Thus, short-lived transcription factors may be destroyed because of their ability to activate transcription well, perhaps through a common cellular machinery (36) .
Although unproven, the functional linkage of transcriptional activation and ubiquitin-mediated proteolysis by common regulatory elements is emerging as a potentially important cellular control mechanism. This linkage most likely occurs at the transcriptional level. McNally et al. (25) reported a continuous exchange of liganded glucocorticoid receptors with genomic targets and the nucleoplasmic compartment. Thus, the interaction of transcription factors with target sites in chromatin is a highly dynamic process. This exchange may provide liganded receptors the opportunity to interact with the cellular machinery required for their degradation. Indeed, several points of interaction have been documented. Proteasome subunits Sug1 and Sug2 interact with transcriptional activation domains (33, 34, 43) , and Sug1 interacts with a subunit of the basal transcription factor, TFIIH (46) . The ubiquitin-protein ligases, hRPF1 (15) and E6-AP (30) , have been shown to function as coactivators for liganded steroid hormone receptors, including PR. Finally, histones are substrates for the ubiquitin-proteasome pathway and their ubiquitinylation correlates with increased transcriptional activity (7, 8) . Thus, although their significance remains to be defined, it appears that complex interactions between regulatory molecules governing both transcription and ubiquitinylation-mediated degradation exist. Lonard et al. (24) recently demonstrated that the 26S proteasome was required for ER-␣ turnover and efficient ER-␣ transactivation. Indeed, these activities also appear to be functionally coupled. The steroid receptor coactivator E6-AP associates with ER-␣ and was previously described as a ubiquitin protein ligase (39) . Similar to what occurs with PR, stabilization of ER by 26S proteasome inhibitors blocks ER transcriptional activity (24) . Thus, the transcriptional activities and/or hormone responsiveness of both ER and PR appears to be tightly linked to receptor stability and/or turnover. These results favor a model whereby, in the presence of ligand, a co- VOL. 21, 2001 HYPERACTIVITY OF HUMAN PROGESTERONE RECEPTORS 6129 activator(s) is recruited to steroid receptor complexes; this same factor either functions directly in the ubiquitin pathway or associates with enzymes required for receptor ubiquitinylation (24) . Although some likely candidates exist (15, 30) , the binding of such a coupling factor(s) has not been demonstrated for human PR. However, the MAPK consensus site containing Ser294 is nested within a larger nine-amino-acid motif known as a destruction box. This motif is found in both cyclin A-and B-type molecules and is required for their degradation by the ubiquitin-proteosome pathway during cell cycle traverse (10, 17) . The destruction box motif in cyclins may serve as a binding site for a specific ubiquitin ligase enzyme or an associated protein(s) (10, 17) . Thus, in human PR, it is possible that phosphorylation of Ser294 may induce the association of an analogous factor that is both a ubiquitin ligase (or associated protein) as well as a transcriptional coactivator. This may explain why R5020-plus-MEKK1-induced transcriptional activity is highly sensitive to proteasome inhibition, while that induced by R5020 alone is not (Fig. 6A) ; such a regulatory molecule(s) may be stably recruited only during robust MAPK activation. It is equally possible that in addition to mediating the rapid destruction of PR, phosphorylation of Ser294 induces conformational changes in PR which render it more transcriptionally active, perhaps via more efficient exposure of its AFs. These exciting possibilities remain to be explored. What is the purpose of rapid destruction of liganded receptor-transcription factors? Why should these activities be coupled? Such functional coupling obviously provides an efficient means of attenuating potent transcriptional responses. PR that have been hyperactivated in response to MAPK signaling would thus provide a robust yet transient transcriptional response. Indeed, phospho-Ser294 PR appear to be highly transient species in the presence of ligand (Fig. 4) . Additionally, receptor degradation could serve to reset the transcriptional apparatus following a specific stimulus, so that activated receptors may be continuously replaced. Thus, genomic targets would be readily available to receive subsequent and/or alternate stimuli. Finally, coupling of rapid receptor degradation with transcriptional activity provides a means to tightly regulate inputs from multiple signaling pathways. Perhaps breast cancers that are unresponsive to endocrine therapy, but express apparently functional receptors, have somehow uncoupled receptor turnover from transcription at certain genes. Thus, gene regulation may be altered due to abnormally stabilized receptors. Indeed, breast cancer cells harboring stable S294A PR that cannot down-regulate are much less responsive to hormonal regulation than cells expressing PR that are capable of efficient turnover ( Fig. 7 and 8) .
Independent protein kinase cascades, hormones, and antihormones are predicted to induce differential phosphorylation of steroid hormone receptors (2); these heterogeneously phosphorylated receptors may regulate gene activity differently. Our results suggest that changes in cellular phosphorylation state are likely to be important in determining the relative stability and thus biological activity of PR at specific promoters and may provide important insight into possible mechanisms of steroid hormone resistance in advanced breast cancer. Duplicate cultures of T47D-YB cells stably expressing wild-type PR or PR-negative T47D cells stably expressing S294A mutant PR were placed in serum-free medium for 24 h prior to treatment without or with EtOH vehicle control, EGF (30 ng/ml), R5020 (10 nM), or EGF plus R5020 for 12 h; levels of c-myc protein in whole-cell lysates were determined with specific antibodies. Numbers above the lanes indicate fold increases over EtOH-treated controls as measured by densitometric analysis of immunoblots. (B) Duplicate cultures of T47D cells stably expressing either wild-type or mutant S294A PR-B were treated as described in the legend to panel A, except that treatment continued for 6 h and PR-B protein levels in whole-cell lysates were measured using PR monoclonal antibodies.
